Ϫ1 ⅐ day Ϫ1 , n ϭ 8) young adult (18 -34 yr old) human subjects was measured after single, 1-s-duration maximum voluntary ankle dorsiflexion contractions. There was no difference between groups in anterior tibial muscle cross-sectional area or peak force. In both groups there was a transient increase in anterior tibialis muscle SI, which peaked 5-7 s after the end of each contraction. The magnitude of the SI transient was over threefold greater [5.5 Ϯ 1.0 (SE) vs. 1.5 Ϯ 0.4%] and persisted twice as long (half-recovery time 5.4 Ϯ 0.4 vs. 2.7 Ϯ 0.3 s) in the active subjects. In the same subjects, blood flow in popliteal, anterior tibial, and posterior tibial arteries was measured by cardiac-gated CINE magnetic resonance angiography before and after 2 min of dynamic, repetitive ankle dorsiflexion exercise. There was no difference between groups in resting or postexercise flow in anterior tibial artery, although popliteal and posterior tibial artery flow after exercise tended to be greater in the active group. The results indicate that transient hyperemia and oxygenation in muscle after single contractions are enhanced by chronic physical activity to a greater extent than peak muscle blood flow. magnetic resonance imaging angiography; hyperemia THE BENEFICIAL EFFECTS of physical activity on health and longevity are well known (1), and, to a significant extent, these benefits may arise from the effects of activity on vascular function (13). Documented vascular changes associated with aerobic exercise training include both macrovascular adaptations [e.g., increased arterial compliance (12), increased flowmediated arterial dilation (4)] and microvascular adaptations [e.g., increased vascular density, enhanced arteriolar endothelium-mediated dilation (6, 14)]. Assessment of the macrovascular adaptations to exercise training can be accomplished by ultrasound or magnetic resonance imaging (MRI) of major conduit vessels such as the brachial and popliteal arteries. However, direct assessment of microvascular structure and function in human subjects in response to exercise or other interventions has been limited to superficial measurements, for example in the skin (8, 16), or to measurements on biopsy samples (10). Thus the microvascular adaptations in human muscle during disuse or after training have been largely inferred from gross measurements of muscle blood flow.
magnetic resonance imaging angiography; hyperemia THE BENEFICIAL EFFECTS of physical activity on health and longevity are well known (1) , and, to a significant extent, these benefits may arise from the effects of activity on vascular function (13) . Documented vascular changes associated with aerobic exercise training include both macrovascular adaptations [e.g., increased arterial compliance (12) , increased flowmediated arterial dilation (4) ] and microvascular adaptations [e.g., increased vascular density, enhanced arteriolar endothelium-mediated dilation (6, 14) ]. Assessment of the macrovascular adaptations to exercise training can be accomplished by ultrasound or magnetic resonance imaging (MRI) of major conduit vessels such as the brachial and popliteal arteries. However, direct assessment of microvascular structure and function in human subjects in response to exercise or other interventions has been limited to superficial measurements, for example in the skin (8, 16) , or to measurements on biopsy samples (10) . Thus the microvascular adaptations in human muscle during disuse or after training have been largely inferred from gross measurements of muscle blood flow.
Magnetic resonance (MR) images of muscle and other tissues are sensitive to microvascular density, perfusion, and oxygenation, as well as to the cellular properties of the surrounding parenchymal tissue. For example, one version of the brain "functional" MRI methods now widely used to map neural activity is not actually a measure of neural activity per se, but is instead an indirect measure of the local microvascular response to neural activity. This brain functional imaging method relies on the fact that the magnetic susceptibility and T2 relaxation rate are less in oxygenated blood than in deoxygenated blood, a phenomenon referred to as the blood oxygen level-dependent (BOLD) effect (17, 23) . In activated brain regions, the local increase in blood flow exceeds the local increase in oxygen consumption, so blood oxygen saturation increases, apparent T2 relaxation rate decreases, and the MR signal intensity increases in T2-weighted images. Thus application of this method to measure neural activity implicitly assumes that vascular density and reactivity are the same in different regions of the brain and in different individuals.
A previous report (20) showed that a transient BOLD effect analogous to that in the brain can be measured by MRI in skeletal muscles of healthy subjects after single, 1-s-duration maximal isometric contractions. The time course of the BOLD transients is similar to the time course of transient hyperemia measured in major conduit arteries after single contractions of human (2, 3, 30) and dog muscles (7, 21) . As in the brain, the transients are caused at least in part by increased blood oxygen saturation (20) , presumably because the transient hyperemia delivers oxygen in excess of that required to restore the small PCr depletion [ϳ2 mM/s (24)] during a brief contraction. However, unlike in the brain, one would expect both the microvascular density and reactivity in skeletal muscle to vary with subject physical activity level. In fact, in the previous study (20) , the magnitude of the postcontractile BOLD transients did vary widely between different subjects, although subject activity level was not recorded in that study. Therefore, the main purpose of this study was to examine the magnitude and time course of muscle postcontractile BOLD transients in the anterior tibialis muscle of healthy sedentary vs. chronically active human subjects. In addition, anterior tibial blood flow after repetitive, dynamic ankle dorsiflexion exercise was measured in the same subjects by conventional phase-contrast CINE MR angiography (19) . The results indicate that chronic activity enhances the magnitude of the postcontractile BOLD response by over threefold but that it has no effect on the peak muscle blood flow after isolated, repetitive exercise of the same muscle. Thus postcontractile BOLD transients may be a more sensitive index of peripheral muscle vascular conditioning than conventional measurements of peak muscle blood flow.
METHODS

Subjects.
Sixteen healthy subjects (18 -34 yr of age, 3 female) were recruited from the university community. Before participation, the subjects gave informed written consent, in accordance with the University's Committee on Research Involving Human Subjects. All subjects were apparently healthy and were not taking any medications known to affect blood flow. Subjects were asked to refrain from strenuous physical activity on the day of the testing. To limit the potential effects of food or caffeine on blood flow subjects were asked to not eat for 2 h before nor consume any caffeinated drinks 3 h before their scheduled visit.
Physical activity. Subjects were selected for either the active or sedentary group on the basis of their self-reported physical activity levels. Subjects reporting participation in running or other aerobic training greater than 30 min/day and at least 5 days/wk were assigned to the active group; subjects in the sedentary group reported no regular participation in physical activity. Physical activity levels were confirmed using a 7-day physical activity diary (28) and the 7-day physical activity recall questionnaire as described by Sallis et al. (25) .
MRI measurements. All MR images were acquired using a standard clinical extremity coil on a 1.5-T GE Horizon system (GE Medical Systems, Milwaukee, WI). Subjects lay supine in the imager with both legs extended. The subject's right foot was secured to the plate of a custom-built foot device using a nylon strap with Velcro closures. The footplate angle was either fixed at 120°, for isometric exercise, or could be moved through a 30°range of motion from 120°to 90°, for dynamic exercise. The force system consisted of a load cell (Interface, model SSM-EV-250, Scottsdale, AZ) mounted to the underside of the footplate. Force during the isometric and dynamic exercise was digitized (DATAQ Instruments, model DI-195B, Akron, OH), sampled at 60 Hz, and recorded on a personal computer. Force during both the isometric and dynamic exercise was measured as the peak force during each contraction.
T1-weighted [3-plane, TR 100 ms, TE 1.6 ms, 24-cm field of view (FOV), 5-mm slice thickness, 11 slices per plane, 256 ϫ 128 acquisition matrix, 1 number of excitation (NEX)] and T2-weighted (axial fast spin echo, TR 1,500 ms, TE 24 ms, echo train length 4, 256 ϫ 160 acquisition matrix, 16-cm FOV, 1-cm slice, 1 NEX) images were acquired to locate the largest cross-sectional area of the anterior tibialis muscle. One-shot gradient-recalled echo planar images (TR 1,000 ms, TE 40 ms, 90°pulse, 18-cm FOV, 1-cm slice thickness, 62.5-kHz bandwidth, 64 ϫ 64 acquisition matrix) were acquired from a single axial slice transecting the largest cross-sectional area of the tibialis anterior muscle. Echo planar images were acquired continuously for 4 min, during which time subjects performed a single, 1-s-duration maximal isometric ankle dorsiflexion every 30 s (total of 7 contractions). The time course of signal intensity (SI) changes in the anterior tibialis muscle and in posterior muscles were computed from manually demarked regions of interest (ROI) drawn with care taken to exclude any vessels resolved in the corresponding anatomical images. The peak change in SI above baseline, time to peak, and half-recovery time were calculated for the postcontractile transients as described previously (20) .
After the above single-contraction protocol, a set of two-dimensional (2D) gradient-recalled, echo time of flight (TOF) flow images was acquired to identify suitable axial/oblique planes for flow measurements. The 2D TOF sequence consisted of 92 adjacent axial images (TR 18 ms, TE 4.5 ms, 45°pulse, 16-cm FOV, 1.5-mm slice thickness , 256 ϫ 128 acquisition matrix, 1 NEX) centered on a region 5 cm below the fibular head. The axial images were used to construct a three-dimensional (3D) representation of the vessels within that region. Based on the 3D image, a pair of parallel slices was chosen, one transecting the popliteal artery 1-2 cm above the popliteal bifurcation and the second transecting both the anterior and posterior tibial arteries 1-3 cm below their bifurcation from the popliteal artery. The two parallel slices were prescribed as near as possible to be perpendicular to the axis of the two tibial arteries.
Flow velocity images (TR 18 ms, TE 6 ms, 30°pulse, 1-cm slice thickness, 14-cm FOV, 256 ϫ 128 acquisition matrix, 1 NEX) of the selected slices were acquired in retrospectively ECG-gated CINE mode as described previously (19) . This method depends on the measurement of the extra phase (⌬) acquired by spins moving along the direction of a bipolar flow-encoding gradient. The extra phase depends directly on velocity V (cm/s) according to ⌬ ϭ ␥ATV, where ␥ (rad/G) is the gyromatic ratio, A is the time integral of gradient lobes (G⅐s/cm), and T is the time between the two gradient lobes. In this study, the flow-encoding gradient was applied perpendicular to the prescribed slices (i.e., parallel to the vessels), with maximum velocity encoding (VENC; corresponding to Ϯ180°phase shifts) set at 160 cm/s. Retrospective gating of the data acquired over 128 heartbeats (total acquisition time 2-4 min, depending on the subject's heart rate) yielded 32 cardiac-gated flow-velocity and magnitude images per slice. Flow (ml/min) was calculated from the individual velocity images by integrating velocity (cm/s) across the area (cm 2 ) of each vessel as described previously (19) . Mean flow in each vessel was then calculated from the mean across all 32 images in each set.
Vessel flow was measured immediately before and twice during the recovery period after the subjects performed 2 min of dynamic ankle dorsiflexion exercise at 50% duty cycle, 0.5 Hz contraction rate. For each contraction, the subjects moved the footplate through a 30°range of motion (120°to 90°) against a resistance applied by rubber tubing. When the footplate was at 90°relative to the perpendicular, the resistance applied by the tubing was approximately equal to 40% of the subjects' isometric maximal. This exercise protocol has been shown to activate the anterior tibialis muscle without significant activation of plantar flexor muscles (5) .
Magnitude images reconstructed from the velocity-encoded data sets were used to estimate indexes of arterial compliance and flowmediated dilation. Apparent arterial compliance was estimated as % change in anterior tibial artery cross-sectional area [100*(systolic vessel area Ϫ diastolic vessel area)/diastolic vessel area] from the first set of postexercise velocity-encoded images. Flow-mediated dilation was calculated as the relative change in anterior tibial artery area during diastole from resting to first postexercise scans [100*(postexercise vessel area Ϫ resting vessel area)/(resting vessel area)].
Near-infrared spectroscopic measurements. On a different experimental day, the subjects repeated the above single contraction protocol (i.e., 1-s-duration maximum isometric contractions at 30-s intervals) while relative hemoglobin saturation was recorded using either a NIM Runman CW2000 dual-wavelength spectrometer (Nim, Philadelphia, PA) or an INVOS Cerebral Oximeter (Somanetics, Troy, MI). After the contraction protocol, saturation data were acquired during 4 -8 min of cuff ischemia (thigh cuff pressure greater than 220 Torr) and the subsequent hyperemia after release of the cuff. The magnitude of the postcontraction saturation transients is reported as percentage of the maximum change observed after release of the cuff, as described previously (18, 20) .
Statistics. Comparisons between groups for descriptive characteristics, mean peak BOLD magnitude, time to peak, half-relaxation, apparent arterial stiffness, and flow-mediated dilation were made using a Student's t-test. A Folded Form F-statistic was used to test the assumption of equal variances. If the assumption of equal variances was violated, the Satterthwaite approximation for degrees of freedom was used. Time series data from the BOLD and flow portions of the study were analyzed using a two-factor (group ϫ time) ANOVA, with repeated measures on time point. Data were analyzed using SAS statistical software package version 9.1.2 (Cary, NC), using the MIXED procedure and the REPEATED statement. The appropriate covariance matrix for the repeated measure was selected based on the structure of the time series data and the fit statistics. Data are presented as means Ϯ SD or SE where appropriate.
RESULTS
Physical characteristics of the subjects are shown in Table 1 . There were no differences between groups in age, height, weight, or maximum cross-sectional area of the anterior tibialis muscle. The active group was significantly more active than the inactive, sedentary group as estimated by the physical activity questionnaire [42.4 Ϯ 3.7 vs. 32.3 Ϯ 0.6 (SD) kcal⅐kg Ϫ1 ⅐day Ϫ1 , respectively, P Ͻ 0.001]. Figure 1 shows representative axial anatomical and corresponding echo-planar images from an active and a sedentary subject. The green marks on the echo-planar images enclose the ROI drawn for analysis of the time course of SI changes during the brief isometric contraction protocol. Figure 2 shows the time course of SI changes (as percent change from baseline) in the anterior tibialis muscle ROI (top row) and in the posterior muscle ROI (next row) for the same two subjects. The spikes in both anterior and posterior muscle SI coincident with the contractions (force, third panels) are saturation artifacts caused by muscle length changes and distortion during the contractions. As reported previously (20) , these motion artifacts are followed by delayed, transient increases in SI in the anterior, but not in the posterior, muscle. Figure 2 , bottom, shows the mean transient response in anterior muscle, obtained by averaging the responses after each contraction, and clearly illustrates the larger response observed in the active compared with the sedentary subject.
On average, the peak magnitude of the SI transients was over threefold larger in the active compared with the sedentary group ( Table 2 ). The time to peak magnitude (measured in seconds after the end of the motion artifact) was similar in the two groups. However, the half-recovery time was significantly longer in the trained compared with the sedentary group ( Table  2) . Neither the mean peak magnitude nor peak muscle force Values are means Ϯ SD. changed significantly over the course of the seven contractions in either group, and there was no significant relationship between peak transient magnitude vs. muscle cross-sectional area (r 2 ϭ 0.12, P ϭ 0.20, n ϭ 16) or force of contraction (r 2 ϭ Ϫ0.033, P ϭ 0.48). Near-infrared spectroscopy hemoglobin saturation measurements during the single-contraction protocol were unsuccessful in five subjects due to movement of the probes or other instrument instabilities. Among the remaining subjects, the change in relative hemoglobin saturation after single contractions tended to be greater in active [14.1 Ϯ 2.6% (SE), n ϭ 5] compared with sedentary subjects (7.6 Ϯ 1.4%, n ϭ 6), but this trend was not statistically significant (P ϭ 0.07). Figure 3 shows representative magnitude images from a subject before and after the dynamic, repetitive exercise, illus- trating the location of the flow measurements in popliteal, anterior tibial, and posterior tibial arteries. Figure 4 shows representative cardiac-gated arterial flow waveforms derived from the preexercise and first postexercise sets of flow images in the same subject. There was no significant difference between groups in cross-sectional area or mean preexercise flow in any of the three arteries examined. Peak force decreased to a similar extent in the two groups by the end of the repetitive exercise [11.1 Ϯ 3.7 (SE) vs. 15.9 Ϯ 5.1% decrease in active vs. sedentary, respectively]. As expected, the increase in flow after this fatiguing, repetitive exercise was most dramatic in the anterior tibial artery, which supplies the exercised muscle (Fig.  5) . However, there was no significant difference between groups in postexercise flow in any of the arteries, either at the two measured time points or when flow immediately after the exercise was estimated by extrapolation, assuming exponential flow recovery (plotted at time zero in Fig. 5 ). There were trends toward greater flow in the posterior tibial (ANOVA group ϫ time interaction, P ϭ 0.15) and popliteal (P ϭ 0.08) arteries in the active compared with the sedentary group, but these trends did not reach statistical significance. Finally, there was no difference between groups in the index of anterior tibial artery compliance [%change in arterial cross-sectional area from diastole to systole, 53.4 Ϯ 16.4 vs. 58.0 Ϯ 23.3% (SE) in active and sedentary, respectively] or flow-mediated dilation (%change in diastolic cross-sectional area after exercise, 66.8 Ϯ 16.2 vs. 59.7 Ϯ 14.6%).
DISCUSSION
The main result of this study is that the transient increase in MRI-measured SI in anterior tibialis muscle after single, 1-s contractions is over threefold greater in chronically active compared with sedentary subjects (Fig. 2, Table 2 ). In contrast, there was no significant difference between groups in anterior tibial artery flow, or in any other macrovascular measurement, in response to a 2-min dynamic dorsiflexion exercise. Thus it appears that the MRI-measured response after single, brief contractions is a more sensitive index of skeletal muscle vascular conditioning than conventional measurements of vessel flow after repetitive exercise.
The physical mechanism for the MRI-measured BOLD transients after single contractions is not fully understood. The time course of the transients is similar to the time course of increased hemoglobin saturation measured by near-infrared spectroscopy (20) , as well as to the time course of conduit artery hyperemia after single contractions of human forearm muscles (2) . Previous model calculations suggested that the MRI transients arise predominantly from an intravascular BOLD effect (20) , i.e., from the increasing contribution of well oxygenated blood to the total muscle signal when blood flow transiently exceeds muscle oxygen consumption. Therefore, assuming that the oxygen cost of muscle contractions is not substantially different in active compared with sedentary subjects (11), our results suggest that the hyperemia after single, brief contractions is substantially larger in active subjects. The trend toward increased hemoglobin saturation after contractions in the active subjects is consistent with this mechanism. Surprisingly, to our knowledge no previous study has examined the effect of training status on the magnitude of muscle hyperemia after single contractions. However, there is evidence that the immediate increase in muscle blood flow at Fig. 3 . Example magnitude images from the cardiac-gated phase-contrast flow study, illustrating location at which flow measurements were made in popliteal (top) and tibial (bottom) arteries before (left) and after (right) repetitive exercise. These images are from peak systole in the same active subject shown in Figs. 1 and 2 . Ant, anterior; Post, posterior.
the onset of repetitive exercise occurs more quickly after training (27) .
Increased microvascular volume might also contribute to the larger MRI-measured BOLD transients in active subjects, even if the net change in hemoglobin saturation after the contraction were the same as in sedentary subjects. Assuming the same mean change in saturation, but a 50% larger microvascular volume, one would naively predict a 50% larger intravascular BOLD transient. This possibility might be tested by varying muscle PO 2 independent of blood flow, for example, by hyperoxia. Interestingly, Noseworthy et al. (22) already reported that the increase in SI of resting muscle during cycles of hyperoxia was greater in the soleus compared with the gastrocnemius muscle of human subjects, a result attributed to greater vascular volume in the soleus. On the other hand, the effects of vascular volume on the BOLD signal are more difficult to predict if extravascular effects are considered, because extravascular BOLD effects depend strongly on the orientation of the vessels in the magnetic field (23) . For example, it may be that the greater BOLD response in soleus compared with gastrocnemius (20, 22 ) is in part due to different muscle fiber and vessel orientations in these muscles (32) .
Whatever the precise physical mechanisms of the MRIobserved transients, it is likely that they are related to the postcontraction hyperemia observed in many previous studies of human (2, 3, 30) and dog (7, 21 ) muscles. Despite over four decades of study, the physiological mechanism for this "immediate" (30) hyperemia in response to a contraction is still unknown. The role of the "muscle pump" in hyperemia after single contractions is still debated (31) , although recent studies strongly suggest that local microvascular dilation in response to as yet unidentified signal(s) is more important than the muscle pump (7, 30) . Our results agree with this conclusion, inasmuch as muscle force, and therefore presumably the muscle pump, was the same in our active and sedentary subjects, but the postcontractile transients were dramatically larger in the active subjects. Tschakovsky and Hughson (29) showed that hyperemic transients comparable to those observed after single contractions occur in the brachial artery after raising the arm, suggesting that the signal might result from a reflex related to rapid venous emptying. However, a more recent study found no effect of arm position on contraction-induced hyperemia (30) . Similarly, neither sympathectomy nor any specific inhibitory drug (e.g., atropine, N G -nitro-L-arginine methyl ester, ketorolac) has been shown to abolish the phenomenon (26, 31) . On the other hand, the hypothesis that release of potassium (21) and/or other substances from active muscle cells triggers "immediate" hyperemia has not been clearly disproved.
It may seem surprising that the estimated peak flow in the anterior tibial artery after the repetitive exercise was similar in the active and sedentary subjects in this study, in view of the many previous reports that chronic activity or training increases peak muscle blood flow (9, 14, 15) . However, there was a trend toward greater popliteal and posterior artery flows in the active subjects compared with sedentary subjects. The mean difference in peak popliteal flows ( Fig. 5 ; 439 vs. 309 ml/min or 42% higher in the active subjects) is similar to the difference reported in a previous study of peak muscle flow in active vs. sedentary subjects during exercise of a small muscle mass (9) . Interestingly, the higher popliteal flow after exercise in the active subjects was in part accounted for by higher flow in the posterior tibial artery, suggesting that there might be greater collateral flow from the posterior to the anterior muscle compartments in the active subjects. Exercise training has been shown to increase collateral blood flow to muscles, at least in rats (33) . However, despite the fact that ankle dorsiflexion exercise nominally recruits only the anterior muscle, we cannot rule out the possibility that posterior muscle perfusion was increased to a greater extent in the active subjects. In any case, result illustrates both the unique ability of MR angiography to simultaneously measure flow in multiple vessels and a potential pitfall in the estimation of muscle perfusion from measurements of flow in major conduit vessels.
In summary, this study shows that the flow-related muscle BOLD transients observed after single, brief contractions are dramatically enhanced in physically active compared with sedentary subjects. Measurement of these transients by MRI or by other methods may provide a sensitive index of peripheral microvascular function and its response to therapy in patients with diabetes or other diseases that alter peripheral vascular health.
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